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Abstract

The texture of cooked cassava, particularly its mealiness, plays a critical role in quality assessment,
thereby affecting its acceptability and purchase intent among consumers. A model for predicting
cassava mealiness was established based on data from five varieties and two growing seasons,
combined with an analysis of key changes in cell wall composition and microstructure. The results
indicated that non-mealy varieties possessed more intact cell walls than their mealy counterparts.
Furthermore, compositional analysis revealed that mealy varieties contained lower levels of cellulose,
while pectin content and its degree of methylation did not show significant differences or clear
correlations with mealiness. Decision tree analysis indicated that cellulose content and dry matter
content are the primary and secondary factors influencing mealiness, respectively. When cellulose
content was <31.486 mg/g and dry matter content exceeded 34.965%, the probability of the roots being
mealy reached 96%. Independent validation using randomly selected cassava germplasm accessions
yielded a model prediction accuracy of 70%. These findings provide a useful reference for future
cassava breeding and quality improvement.

Keywords: cassava; mealiness; cellulose; dry matter; decision tree analysis

1. Introduction

Cassava (Manihot esculenta Crantz) is a drought-tolerant root crop that serves as a crucial staple
food for nearly one billion people across 105 countries, particularly in sub-Saharan Africa 2.
Steaming, a widely adopted and simple preparation method, makes mealiness a key determinant of
consumer acceptance and overall cassava quality 4. Consumer preference studies consistently show
a strong favor for a distinctly mealy texture, establishing it as a paramount target trait in breeding
programs 5. Consequently, identifying the components that govern mealiness and determining their
predictive thresholds is essential for developing rapid identification methods.

To address this, numerous studies have primarily focused on the relationships between
mealiness and components. A well-studied factor like dry matter content illustrates this limitation: a
sub-25% level is necessary but not sufficient for a non-mealy phenotype [6l. Furthermore, studies on
gene-environment interactions indicate that both biological and abiotic factors during crop growth
can influence related gene expression, leading to phenotypic deviations”l. These findings collectively
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underscore that cassava mealiness is a complex, multifactorial trait arising from synergistic
physicochemical interactions.

For further research, the factors determining mealiness are often broadly attributed to pectin,
starch, and cell wall properties “6.. However, specific findings point decisively to cell wall pectin,
revealing no consistent link with starch properties or granule size 1812, A similar mechanism has been
observed in lotus roots, where the binding of pectin carboxyl groups to Ca?* ions inhibit cell wall
degradation during heating, thereby playing a critical role in the development of a mealy texture 131,
Beyond these compositional factors, the cooked quality of potatoes is also influenced by physical-
mechanical factors such as cell turgor pressure, cell wall strength, and pectin adhesion 11416 These
insights further highlight the multifactorial nature of mealiness and underscore the particular
importance of cell wall components.

As mealiness lacks a direct quantitative metric and is often assessed categorically, correlating it
with continuous variables presents an effective strategy for its rapid identification. Decision tree
analysis is particularly suitable for this purpose due to its capacity to model complex, non-parametric
relationships, a strength confirmed in similar agricultural applications ['7.18].

This study analyzes variations in cell wall composition and microstructure among cassava roots with
differing mealiness levels at two growth stages to identify the key underlying factors. Using decision tree
analysis, we establish a predictive threshold model for this trait, providing a theoretical foundation for
targeted breeding and rapid postharvest grading of varieties with superior steaming quality.

2. Materials and Methods

2.1. Materials

Five cassava cultivars (SC9, GR11, GR10, GR891, and SC6068) were sampled at two distinct
physiological maturity stages: 8 and 12 months after planting. All plant materials were grown under
controlled field conditions at the Tropical Crops Genetic Resources Institute, Chinese Academy of
Tropical Agricultural Sciences (CATAS), in Danzhou, Hainan Province, China. The experimental
field was established during the regular growing sea-son (planted in April), following standardized
agronomic practices. For each cultivar, biological triplicates were maintained under uniform soil and
environmental conditions.

2.2. Flour Preparation

The method for preparing steamed cassava flour (SCF) was adapted from Jia et al, with minor
modifications 9. Peeled cassava roots were sliced and steamed for 45 minutes, then oven-dried until
the moisture content dropped below 14%. The dried samples were subsequently milled and sieved
through a 178 um mesh for further analysis.

2.3. Sensory Evaluation

To evaluate the degree of mealiness in steamed cassava tubers, a modified version of the method
described by Franck et alt#l The five cassava varieties were washed, peeled, cut into uniform segments,
and steamed for 45 minutes. A sensory panel comprising 10 individuals, including consumers and
cassava producers, was assembled to assess tuber mealiness. Each panelist evaluated the samples by
tasting and assigning a binary score: 0 for non-mealy and 1 for mealy.

2.4. Microstructure

Tissue samples from both fresh and boiled tubers of five cassava varieties, harvested at 8 and 12
months after planting, were sectioned using a sharp razor blade into approximately 3 x 3 mm (length
x width) pieces. The sections were immediately transferred into tubes containing 20 mL of FAA
fixative solution [90% ethanol (v/v), 5% formalin (v/v), and 5% acetic acid (v/v)] and fixed for a
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minimum of 24 hours. All procedures were conducted according to the established protocol, with
each staining experiment performed in triplicate 201,

2.5. Determination the Content of Dry Matter and Starch

Starch content (SC) was determined following the method described by Wang et al. 2l. Similarly,
dry matter (DM) content was measured according to previously established protocol (221,

2.6. Determination the Content of Soluble Pectin, Water-Soluble Pectin, Covalently Bound Pectin in Steamed
Cassava Flour

The contents of covalently-soluble pectin (CSP), ion-soluble pectin (ISP), and water-soluble
pectin (WSP) were measured using commercially available detection kits (Su-zhou Michy Biomedical
Technology Co., Ltd., Jiangsu, China) according to the manufacturer’s instructions.

For CSP and ISP determination, 0.1 g of sample was homogenized in 80% ethanol, heated at 95°C
for 20 minutes, then washed with an ethanol/acetone mixture. After treatment with a starch-removal
reagent for 15 hours, the samples were extracted using CSP/ISP-specific solutions and centrifuged to
collect the supernatants.

WSP extraction involved homogenization in ethanol followed by two heating steps at 95°C for
30 minutes, with ethanol replenishment between steps. This was followed by water extraction at 50°C
for 30 minutes and centrifugation.

All assays utilized galacturonic acid standards at 0.5 mg/mL. Absorbance was measured at 530
nm after color development induced by sulfuric acid. Specifically, CSP and ISP samples (50 uL) were
reacted with carbazole reagent at 95°C for 5 minutes, while soluble pectin supernatants (30 uL)
underwent hydroxy biphenyl derivatization, first at 90°C for 10 minutes, then at 25°C for 30 minutes.

2.7. Determination of Pectin Methylation in Steamed Cassava Flour

The degree of pectin methylation was determined using a micro-method kit (Suzhou Comin
Biotechnology). Tissue samples (0.1 g) were homogenized in 95% ethanol and centrifuged at 10,000 x
g, 4°C. The pellet was washed with distilled water and then extracted with extraction buffer at 90°C
for 2 hours.

Methanol released from methyl ester bonds was quantified by measuring absorbance at 550 nm
following derivatization with methanol oxidase and 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole.
The derivatization involved incubation at 37°C for 10 minutes, followed by 30°C for 30 minutes.

Total pectin content, reflected by galacturonic acid, was measured at 450/400 nm after sulfuric
acid treatment at 70°C for 10 minutes and subsequent reaction with 3,5-dimethylphenol.

2.8. Determination the Content of Cellulose in Steamed Cassava Flour

Cellulose content (CLL) was determined using commercially available detection kits (Suzhou
Michy Biomedical Technology Co., Ltd., Jiangsu, China) following the manufacturer’s instructions.

Briefly, 0.1 g of sample was homogenized with Reagent 1 and Reagent 2 (prepared with H,SOy)
and incubated overnight at 60°C. The mixture was then washed with a Rea-gent 3/ethanol solution,
followed by reaction with Reagent 2 at 95°C for 10 minutes. The absorbance of the resulting
supernatants was measured at 620 nm to quantify cellulose content.

2.9. Determination of Enzyme Activity

Cellulase activity was measured using a DNS-based assay kit (Suzhou Michy Bio-medical
Technology). Briefly, 0.5 g of sample was homogenized and sonicated in 1 mL extraction buffer (200
W, 3 s on/10 s off cycles, 30 cycles, with an ice bath). The homogenate was then centrifuged at 8,000 x
g for 10 minutes at 4°C, and the supernatant collected. For the assay, 50 pL of supernatant was
incubated with 150 pL of Reagent I (test) or 300 uL of Reagent II (control) at 37°C for 3 hours. The
mixture was heated at 95°C for 15 minutes, followed by centrifugation at 8,000 x g for 10 minutes at
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25°C. Then, 150 uL of the resulting saccharified solution was reacted with 150 uL of Reagent III at
95°C for 5 minutes. After cooling, absorbance was measured at 540 nm.

Pectin methylesterase (PME) activity was determined using a sodium hydroxide titration kit
(Suzhou Michy Biomedical Technology). Samples (0.5 g) were homogenized in ice-cold extraction
buffer using a mortar pre-cooled to —20°C, then centrifuged at 12,000 x g for 15 minutes at 4°C. The
supernatant was collected, and 0.2 mL was mixed with 50 puL of Reagent Il and 8 mL of pre-warmed
Reagent I (37°C). The mixture’s pH was adjusted to 7.8 using Reagent IV, then incubated at 37°C for
60 minutes. During incubation, the pH was maintained at 7.8 by continuous titration with Reagent
IV, and the volume of titrant consumed was recorded for activity calculation.

2.10. Model Validation

Ten edible cassava germplasms—SC9, SC6068, SC101, Guimushu 9, Guimushu 8, GR891, GR10,
GR11, GR13, and Reyin—were selected to determine cellulose content, dry matter content, and
mealiness after steaming. These measurements were used to validate the accuracy of the decision tree
model. Agreement between experimental results and model predictions was indicated by “Y,” while
disagreement was marked as “N”.

2.11. Statistical Analysis

Data were processed using ORIGIN 2024 software and presented as mean + standard deviation
from three replicates. Statistical analyses were performed using ANOVA followed by Duncan’s
multiple range test in SPSS for Windows. Additionally, the CART decision tree algorithm was
applied to classify the data and develop the predictive model.

3. Results

3.1. The Mealiness of Steamed Cassava Sensory Evaluation

As shown in Table 1, sensory evaluation revealed that three varieties —SC9, GR11, and GR891—
exhibited mealiness at both 8 and 12 months after planting. In contrast, GR10 and SC6068 were mealy
at 8 months but not at 12 months. Figure 1 further demonstrates that the mealy varieties developed
cracked roots and dry centers after steaming. By comparison, SC6068 and GR10, at 12 months,
retained their structural integrity, showing no signs of cracking and maintaining moist centers[4l.

Table 1. The score of 5 varieties boiled root at two months.

Variet Score
y 8 Months 12 Months
SC9 1 1
GRI1 1 1
GR891 1 1
GR10 1 0
SC6068 1 0
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Figure 1. Comparison of cassava roots before and after steaming at two planting periods. (A) 8 months; (B) 12 months.

3.2. Dry Matter and Starch Content

As shown in Figure 2, with the exception of GR11, the dry matter content of each variety
generally increased with longer cultivation duration, whereas starch content exhibited no consistent

trend. Previous studies have indicated that dry matter content has a decisive effect on mealiness only
when it falls below 25% 1451,
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Figure 2. Dry matter and starch contents at two planting periods. (A) Dry matter content; (B) Starch content.
Different lowercase letters above the columns indicate significant differences at the P < 0.05 level. This notation
applies throughout.

3.3. Microstructure Observation

As shown in Figure 3, starch granules within the cells were stained red by Congo red. Light
microscopy revealed that, although cell size and shape varied among the cassava varieties, the cells
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were densely packed across all samples. Prior to steaming, the cellular structures of all varieties
remained intact. Following steaming, varying degrees of cell wall damage were observed in all
varieties harvested at 8 months, as well as in SC9, GR11, and GR891 at 12 months. In contrast, SC6068
and GR10 harvested at 12 months retained a more intact cellular morphology.

Previous studies have reported that pectin forms a matrix within the cell wall network, playing
a critical role in regulating cell wall permeability and thickness 3. Similarly, sweet potato varieties
with higher pectin content in their cell walls exhibit greater structural stability and integrity after the
same cooking duration 4. These findings highlight the importance of further investigating cell wall
composition and structure.

A B Before Steaming  After Steaming
- A - -,‘\ R
SC6068 SC6068 :
GR10 GR10
GR891 GR891
GR1 GR11
SC9 SC9

Figure 3. Light microscopic observation of cells before and after steaming of cassava varieties at two planting

periods in 200x scope. (A) 8 months; (B) 12 months.

3.4. Analysis of the Pectin Components

CSP, ISP, and WSP represent three distinct pectin fractions, and the dynamic balance among
them influences the structural integrity of the cell wall .. As shown in Figure 4, with increasing
growth duration, the contents of WSP and CSP increased across all varieties, whereas ISP content
decreased in all varieties except GR10.

Mechanistically, the labile chemical bonds in WSP promote progressive hydration of the cell
wall matrix. Elevated levels of WSP reduce structural rigidity and increase cell wall porosity, thereby
enhancing cellulase accessibility 26?7l In contrast, CSP contributes to cell wall stability through ester
bond-mediated crosslinking, playing a critical role in maintaining structural rigidity 8. Heat
treatment typically softens plant tissues by increasing WSP levels and reducing CSP content 29301,

However, the data from this study suggest that these three pectin fractions do not have a
significant impact on cell wall strength. The underlying mechanisms responsible for this discrepancy
remain to be elucidated.
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Figure 4. Three pectin ingredients of cassava root at two planting periods. (A) The content of water-soluble
pectin. (B) The content of covalently bound pectin. (C) The content of covalently-soluble pectin.

3.5. Analysis of Pectin Methylesterification and Enzyme Activity

Pectin degradation involves the action of pectin methylesterase (PME), which increases cell wall
rigidity through demethylation 1. As shown in Figure 5, except for GR11, all other varieties exhibited
a higher degree of pectin esterification at 8 months compared to 12 months. Correspondingly, PME
activity was higher at 8 months across all varieties.

Notably, SC6068 and GR10 displayed mealy and non-mealy characteristics at different growth
stages, which may be linked to their demethylation patterns. Previous studies have reported that
block wise demethylation enhances cell wall rigidity, whereas random demethylation results in
loosening of the cell wall structure 321,
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Figure 5. The pectin methylesterification and enzyme activity at two planting periods. (A) Pectin methyl
esterification. (B) Pectin methyl esterase activity.
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3.6. Analysis of Cellulose Content and Enzyme Activity

The cell wall is considered an internal barrier to starch hydrolysis, and studies confirm that
cellulose in the cell wall is degraded by cellulase treatment, thus affecting cell wall integrity 123331, In
Figure 6, cellulose content increased in all five varieties with longer growth time. The cellulose
content of the non-mealy varieties SC6068 and GR10 at 12 months was significantly higher than that
of the mealy varieties SC9, GR11, and GR891, which may also contribute to maintaining a more intact
cell wall after cooking. Regarding enzyme activity, cellulase activity showed no significant
differences among the varieties at 8 months. However, at 12 months, cellulase activity in SC6068 and
GR10 was lower than in the other three varieties. This indicates that the degree of cell wall
degradation is one important factor affecting mealiness, but the underlying mechanism remains to
be elucidated.
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Figure 6. The cellulose content and enzyme activity at two planting periods. (a) The content of cellulose. (b) The

enzyme activity of cellulose.

3.7. Decision Tree Analysis

As shown in Figure 7, decision tree analysis identified cellulose content as the primary factor
and dry matter content as the secondary factor influencing mealiness. Specifically, when the cellulose
content of the tuber is less than or equal to 31.486 mg/g, there is an 80% probability that the tuber will
exhibit a mealy texture. Moreover, when cellulose content is <31.486 mg/g and dry matter content
exceeds 34.965%, the prediction accuracy increases to 96%.

Friedman’s mean squared error (MSE) was used to evaluate the quality of node splits in the
decision tree, with higher MSE values indicating greater splitting error. As shown in Table 2, cellulose
content (CLL) accounts for 80% of the feature importance, while dry matter content (DM) contributes
the remaining 20%.

Table 2. Characteristic importance.

Name Importance
CLL 80.00%
DM 20.00%

SC 0.00%
WSP 0.00%
ISP 0.00%
CSP 0.00%
PM 0.00%

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202601.1865.v1


https://doi.org/10.20944/preprints202601.1865.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2026

d0i:10.20944/preprints202601.1865.v1

9 of 12

CLL = 31.486
Friedman_mse = 0.16
Value = 0.8

True False

DM > 34.965

Friedman_mse = 0.038
Value = 0.96

Friedman_mse = 0.0
Value = 0.0

False True

Friedman_mse = 0.0
Value =1.0

Friedman_mse = 0.0
Value = 0.0

Figure 7. Decision Tree Modeling Analysis.

3.8. Verify the Accuracy of the Decision Tree Analysis Model

As shown in Table 3, the cellulose content, dry matter content, and mealiness of 10 cassava
germplasm resources were evaluated. Among them, the mealiness of 7 germplasms aligned with the
predictions of the decision tree model, while 3 did not, resulting in an overall prediction accuracy of
70%. This discrepancy may be attributed to the limited size of the dataset used to develop the model,
underscoring the need for larger and more diverse datasets in future studies to enhance its predictive
performance.

Table 3. Verification of CLL and DM content and mealiness of different edible varieties.

Germplasms CLL DM Agreement
SC9 28.77+0.79 e 32.58+0.24b N
SC6068 33.63+045e 29.13+0.47 a Y
SC101 59.77 +3.27Db 30.57+£0.52 e Y
Guimushu9 2847+1.11b 36.41+0.22c Y
Guimushu8 47.14+045d 21.99+0.15 ¢ Y
GR891 4478 £0.79 ¢ 29.70+0.70 c N
GR10 33.86+1.48b 28.65 +0.39 b Y
GR11 39.97+1.72d 28.74+1.20 c N
GR13 44.72+215a 31.16 £2.89 be Y
Reyin 37.72+1.06 26.33+1.38d Y

4. Discussion

Mealiness is a textural attribute perceived during the chewing of plant tissues. It is widely
perceived as a quality defect in many fruits but is a desired characteristic in steamed cassava roots.
This property is closely linked to cell wall integrity 3], in which cellulose serves as the primary
structural framework. The rigidity imparted by cellulose contributes to cell wall strength and
resistance to rupture 71,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Our results show that non-mealy varieties possess higher cellulose content and greater cellular
integrity than mealy ones, implying that cell wall properties are a primary determinant of textural
variation. This aligns with findings in lotus root, where textural differences between crisp and mealy
have similarly been linked to cellulose degradation [36] and higher moisture content . These
physiological relationships are reinforced by our decision tree model, which identifies high dry
matter and low cellulose as key markers for mealiness. While existing research has largely focused
on identifying individual components associated with mealiness, the interactive mechanisms
through which these components collectively drive texture remain poorly understood.

Current methods for identifying mealiness are hampered by their reliance on post-steaming
analysis, which is inherently time-consuming and low-throughput, limiting their practical utility. The
evidence presented in this study collectively indicates that the composition and structure of the cell
wall are fundamental to mealiness development. This insight lays the groundwork for novel rapid
detection technologies, which could significantly enhance the efficiency of cassava breeding and
postharvest grading.

5. Conclusions

This study investigated the cell wall composition and structure of five cassava varieties across
two planting seasons. The decision tree model identified cellulose content and dry matter content as
the primary and secondary predictors of mealiness in steamed cassava roots, respectively. These
findings provide valuable insights to inform future breeding programs and processing strategies.
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